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A new carbon self-doped (C-doped) TiO2 photocatalyst was synthesized by solegel method, in which
titanium butoxide was utilized because of its dual functions as a titanium precursor and a carbon source.
The effects of calcination temperature from 200 to 600 C on the photocatalytic activity towards acet-
aminophen (ACT, which was used as a model persistent organic pollutant) under visible light were
examined. The effects of temperature on the structure and physicochemical properties of the C-doped
TiO2 were also investigated by X-ray diffraction, BET measurement, X-ray photoelectron spectroscopy,
and scanning electron microscopy. The speciﬁc surface area of the as-doped TiO2 declined as the crystal
size increased with increasing calcination temperature. Only amorphous TiO2 was present at 200 C,
while an anatase phase was observed between 300 and 500 C. Both anatase and rutile phases were
observed at 600 C. Photocatalytic activity increased as the calcination temperature initially increased
from 200 to 300 C but it decreased as the calcination temperature further increased from 400 to 600 C.
The highest ACT removal of 94% with an apparent rate constant of 5.0  103 min1 was achieved using
the new doped TiO2 calcined at 300 C, which had an atomic composition of 31.6% Ti2p3, 50.3% O1s and
18.2% C1s.
© 2016 Chinese Institute of Environmental Engineering, Taiwan. Production and hosting by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).1. Introduction
Acetaminophen (ACT also known as paracetomol) is a major
active pharmaceutical ingredient of numerous commercial cold and
ﬂu medicines as it is effective in relieving pain and reducing fever.
ACT inhibits prostaglandin synthesis and is heavily used globally in
antipyretic, analgesic, and anti-inﬂammatory drugs for both
humans and animals. It is the highest ranking marketed pharma-
ceutical in many European countries [1] and is one of the most
detected pharmaceutical and emerging pollutants in various
aqueous environments. It has been detected in European waste-
water treatment efﬂuents at concentrations of up to 11.3 mg L1
and at more than 65mg L1 in the Tyne River in the UK [2]. The fate
of ACT in aqueous environments is complicated and its).
Institute of Environmental
l Engineering, Taiwan. Production
d/4.0/).photochemical transformation pathways, kinetics and in-
termediates in surface waters have recently been addressed with
great concern [3]. Therefore, global awareness of ACT as an emer-
gent hazardous material and the requirements of technologies for
its efﬁcient control have been increasing rapidly [4].
Advanced oxidation processes are reported to be some of the
most effective ACT removal approaches [5]. For example, Klamerth
et al. [6] used iron and H2O2 to degrade real municipal wastewater
that had been spiked with ACT (5 and 100 mg L1) and 14 other
organics by the solar photo-Fenton process. Titanium dioxide is the
most popular photocatalyst in various depredating techniques for
emerging contaminants, owing to its highly stable chemical
structure, relatively low cost, non-toxicity, and highly oxidizing
photo-generated holes [7,8]. The photocatalyic degradation of ACT
in aqueous solution under UVA and UVC has been studied [9]. TiO2
can be directly suspended in aqueous solutions for degrading ACT
because direct hole (hþ) oxidation and ipso-substitution have been
found to occur in the main initial step under UV irradiation [10].
Sarkar et al. [11] also provide a short review of process parameters
of TiO2 nanoparticles and various modes of the processes inand hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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a signiﬁcant drawback of TiO2 in photocatalysis is that its band-gap
is rather large (3.0e3.2 eV) so it utilizes only a small fraction
(approximately 5%) of the solar spectrum [12].
A number of works have been carried out to extend the ab-
sorption wavelengths of TiO2 from UV to the visible region by
doping with various elements [13,14]. Carbon and nitrogen are the
most common species, as both effectively and economically reduce
the band-gap of TiO2 [15,16]. Chen et al. [17] compared the pho-
tocatalytic degradation of methylene blue by visible light using
carbon (C-TiO2), nitrogen (N-TiO2), and co-doped (C-N-TiO2)
nanoparticles that had been prepared by solegel methods. C-TiO2
was more active than N-TiO2 although both suppressed the crystal
growth of TiO2, as revealed by their X-ray photoelectron spectros-
copy (XPS), UVeVis spectroscopy, and lattice parameter analysis.
Additionally, dopingwith carbonmay form carbonaceous species at
the surface of TiO2, which facilitate further degradation under
visible light. Park et al. [18] synthesized C-TiO2 using solegel
method, as a photocatalyst under visible light, and they found that
carbon doping was maximal when the calcination temperature was
200e250 C. The addition of dopants such as C, N, and S favors the
transformation of anatase to rutile in TiO2, while a synergistic effect
between the anatase and rutile forms reportedly increases the
photocatalytic activity of such mixtures [19]. Bi2O3-co-doped TiO2
can be synthesized on a large scale via a simple solvothermal-
calcining route for the degradation of ACT under irradiation with
visible light [20]. Sakatani et al. [21] extensively investigated the
binary co-doping of TiO2 with metal ions and nitrogen for the same
purpose. Triple-elemental-co-doped TiO2 (S-La2O3) was synthe-
sized using an in situ hydrothermal method photocatalytically to
degrade sulfosalicylic acid and methylene blue under visible light
[22]. Other triple-elemental-doped TiO2 catalysts (with K, Al, S)
have been synthesized to oxidize 2-chlorophenol under visible
light [23]. Phosphorous, nitrogen, and molybdenum ternary co-
doped TiO2 photocatalysts (P-N-Mo-TiO2) were prepared by sol-
egel method to degrade methylene blue under visible light [24].
Quadruple-elemental-doped TiO2 (C-S-N-Fex) was synthesized to
degrade Rhodamine B under irradiation by visible light [25]. Hence,
in this work, potassium ferricyanide, K3[Fe(CN)6], was introduced
as a new quadruple-elemental dopant into TiO2, through solegel
method, and the compound thus formed was calcined at various
temperatures to study the catalytic activity of ACT under visible
light.
The calcination temperature in the synthesis process deeply
inﬂuences the photocatalytic activity of TiO2 under visible light
[18]. Akpan and Hameed [26] reviewed parameters that affect the
photocatalytic degradation of dyes using TiO2-based photocatalysts
and reported the effects of calcination temperature on the surface
areas, pore volumes and pore sizes of the photocatalysts. Tseng
et al. [27] also reported that calcination temperature inﬂuences the
particle size and lattice structure of TiO2. Wang et al. [28] examined
the TiO2 photocatalyst that was prepared using solegel method and
calcined at 150, 200, 250, 270e300 C. The results indicated that as
calcination temperature increased, the photocatalytic activity of
doped TiO2 under visible light ﬁrstly increased then declined. This
effect is attributable to the combined effect of two factors (carbon
self-doping and groups that are photosensitive to visible light) in
the synthesized TiO2 [28]. The decline in the photocatalytic activity
of photocatalysts that were calcined at elevated temperatures was
also observed in another study of S-N-co-doped TiO2 that was
synthesized by solegel method. Mattle and Thampi [29] used the
solegel method to generate C-doped TiO2, in which melamine
borate was utilized as a complexing agent and titanium tetrachlo-
ride as a precursor for TiO2. Accordingly, the effects of calcination
temperature (200e600 C) on the photocatalytic activity of the as-prepared photocatalyst on ACT degradation under visible light are
studied herein.
Characterization of the modiﬁed TiO2 is critical to understand-
ing the relationships between the structure of these photocatalysts
and their physicochemical properties. Hung et al. [30] characterized
TiO2 with and without ionic iron dopants using X ray diffraction
(XRD), thermogravimetric analysis/differential thermal analysis,
Fourier transform infrared spectroscopy, UVeVis spectrometry, N2
adsorption and scanning electron microscope (SEM) to elucidate
the photocatalyic degradation of dichloromethane under visible
light. McEvoy et al. [19] applied XRD, XPS, UVeVis spectrometry,
while Irie et al. [31] utilized XRD, XPS and UVeVis diffuse reﬂec-
tance spectroscopy (UVeVis DRS) to characterize synthesized TiO2.
Choi et al. [32] applied XRD, DRS, and XPS, and Shen et al. [33] used
XRD, SEM, UVeVis spectrometry and BET to characterize their
modiﬁed TiO2. Therefore, in this study, the quadruple-elemental-
doped TiO2 was characterized by XRD, SEM, BET, and XPS, to
elucidate the relationship between its structure and photocatalytic
activity.
This study synthesized a new carbon self-doped (C-doped) TiO2
in order to degrade ACT (which was used as a model compound)
under visible light. Titanium butoxide was utilized because of its
dual functions as a titanium precursor and a carbon source and
potassium ferricyanide was doped by a solegel method. As calci-
nation temperature is a critical parameter for synthesized photo-
catalysts, the effects of calcination temperature from 200 to 600 C
on the photocatalytic activity of ACT under ﬁve blue-light Light-
Emitting Diodes (LEDs), serving as a visible light source, were
examined. Meanwhile, the structure and physicochemical proper-
ties of the as-calcined TiO2 were investigated by XRD, SEM, BET
measurements and XPS. The aims of this study are: (1) to investi-
gate the effectiveness of the new photocatalysts calcined at various
temperatures in the degradation of the model compound under
visible light; (2) to obtain the structural and physicochemical
properties of the as-calcined TiO2 with advanced surface charac-
terization techniques; and (3) to enhance our understanding of the
relationship between the structures of the as-calcined TiO2 and
visible-light active sites of the C-doped photocatalyst.2. Materials and methods
All chemicals were used as received without further puriﬁca-
tion. Analytical-grade titanium butoxide (Ti[O(CH2)3CH3]4, 98%,
Alfa Aesar), ethanol (EtOH, 99.5%, Merck), and acetaminophen
(C8H9NO2, 99%, Merck) were used. All of the solutions were pre-
pared using deionized water that was produced using Millipore
system (18.2 MU cm).
The crystalline structures and properties were determined by
the XRD method with a scanning range of 5e75 with a step size of
0.06. The speciﬁc surface area was determined using the BET
method (ASAP 2010, Micromeritics). The atomic composition and
chemical states of the TiO2-300 (T2) samplewere determined using
an XPS (PHI 5000 Versa Probe ULVAC-PHI). The surfacemorphology
and elemental analysis of the samples were recorded using a SEM
equipped with EDS (QUANTA 200).
The C-doped TiO2 catalyst was prepared using the solegel
method, with Ti(OBu)4 as the precursor. 10 mL Ti(OBu)4 was mixed
with 40 mL EtOH in a beaker with constant stirring at 400 rpm at
ambient temperature. After 5 min, 10 mL deionized water was
added to themixture and stirred for 1 h until a homogeneous white
sol was formed.10mL of EtOHwas then added and themixturewas
stirred for another 15 min. The mixture was allowed to age and
precipitate at room temperature to complete the hydrolysis. The
overall formation of the photocatalyst is described as follows:
Fig. 1. (a) Final ACT removal rate of ﬁve as-calcined photocatalysts and the original
TiO2 (DP25); (b) Photocatalytic degradation of acetaminophen with respect to time by
C-doped TiO calcined under ﬁve temperatures.
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The supernatant was decanted from the mixture and the pre-
cipitate was completely dried in an oven at 105 C. Once dried, the
sample was cooled at room temperature and the particles were
made ﬁner using a mortar and pestle. The sample was placed in a
furnace for calcination in air at various temperatures (200, 300,
400, 500 and 600 C, thereafter noted as T1, T2, T3, T4 and T5,
respectively) for 6 h at a heating rate of 5 C min1; then furnace-
cooled, sieved and stored in plastic bottles. The photocatalyst was
washed using deionized water and activated with light for 15 min
before the photocatalytic degradation experiments were
conducted.
The photocatalytic performance of each synthesized photo-
catalyst was evaluated using a batch reactor that comprised a
beaker with a capacity of 2 L, equipped with magnetic stirrer, pH
meter and thermometer, which was placed in a water bath to
maintain the desired temperature. Five LEDs (HR16 1W/110) that
emitted visible light spectra of wavelengths 440e490 nm were
used as light sources. The experimental setup can be seen else-
where [34].
A 500mL volume of 0.1mMACTwasmixedwith a 1.0 g L1 dose
of the synthesized photocatalyst and stirred in a dark room for at
least 30 min to ensure that complete adsorptionedesorption
equilibriumwas reached. The mixture was then photo-oxidized for
9 h at 30 C, at the initial pH of 6.9 and mixing rate of 400 rpm. A
5 mL sample of the solution was extracted every hour and ﬁltered
using 0.2 mm GHP membranes and Acrodiscs syringe ﬁlters (Pall,
USA). The collected ﬁltrate was then analyzed to determine the
residual ACT concentration by high-performance liquid chroma-
tography, using an ODP-506D column (150 mm  6 mm 5 mm,
Asahipak) and a Spectra SYSTEM model SN4000 pump (Showa
Denko, Tokyo, Japan).
3. Results and discussion
3.1. Photocatalytic degradation of ACT by C-doped TiO2 calcined at
various temperatures
ACT was used as a model pollutant to investigate the photo-
catalytic activities of C-doped TiO2 under irradiation by visible light
(l > 440 nm). Parameters that inﬂuence the photocatalytic degra-
dation of ACT (medium pH, initial concentration of reactant, con-
centration of catalyst, temperature, and number of blue LED lights)
have been examined [34]. In this study, the as-prepared TiO2
samples that were calcined at various temperatures were tested
under previously optimized conditions (pH 6.9, an ACT concentra-
tion of 0.1 mM, a photocatalyst dosage of 1.0 g L1 and ﬁve LED
lights). As presented in Table 1, all concentrations of the ACT
decreased at the end of the 9-h experiments, independently of the
calcination temperature of the C-doped TiO2 catalyst.
The raw data were further analyzed using Eq. (1), and the value
of kapp for each photocatalyst together with the corresponding half-
life of ACT (t1/2) is calculated, as indicated in Table 1.Table 1
Initial and ﬁnal concentrations of ACT photodegraded by ﬁve as-calcined photocatalysts
Photocatalyst Concentration (103 mM)
After 30-min adsorption After 9 h photocatalysis
T1 94.04 59.02
T2 94.93 62.92
T3 95.25 31.33
T4 96.96 53.64
T5 97.00 60.26lnC  lnC0 ¼ kapp$t (1)where kapp is the apparent rate constant (min1), C0 and C are the
initial and ﬁnal ACT concentrations (mM1), respectively, and t
represents the reaction time (min). The rate constant was deter-
mined from the slope of the best ﬁt line.
Fig. 1a presents the ﬁnal ACT removal efﬁciencies (%) of the ﬁve
calcination temperatures of the C-doped TiO2 and the undoped
TiO2 (DP25). Kinetic modelling of degradation of ACT by C-doped
TiO2 photocatalysts that were calcined from 200 to 600 C were all
pseudo-ﬁrst order, with the correlation coefﬁcients (R2) > 0.95
provided in Table 1. T2 yielded the highest kapp value of
5.0  103 min1, while T1 yielded the lowest kapp value of
0.86  103 min1. The ACT removal efﬁciencies varied similarly
with the kapp values, as kapp ﬁrstly increased with calcination
temperature from 200 to 300 C and then decreased as theand the kinetic parameters.
kapp (103, min1) Correlation coefﬁcient, r2 Half-lives, t1/2 (min)
0.86 0.957 803.46
5.03 0.983 137.92
2.06 0.993 336.65
1.10 0.947 632.32
0.88 0.977 786.33
2
Fig. 2. X-ray diffraction patterns of (a) T1, (b) T2, (c) T3, (d) T4, and (e) T5, where A and
R respectively represent anatase and rutile phase.
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consistent with the fact that the highest ACT % removal (98%) at the
end of 9-h of experiment was obtained at T2 and this degree of
removal decreased from T2 to T5. The effects of the temperature of
calcination of another TiO2 catalyst on the photodegradation of
gaseous ethylene under visible light were investigated at calcina-
tion temperatures from 400 to 600 C [35], and our ﬁndings were
consistent with their results (obtained when the calcination tem-
perature was increased from 300 to 600 C). Another self-
assembled b-cyclodextrin/TiO2 suspension for the photocatalytic
degradation of ACT irradiation by visible light [10], exhibited a
lower degradation efﬁciency (35%) after 120 min than our C-doped
TiO2 that was synthesized at 300 C in this study.3.2. Characterizations of C-doped TiO2 calcined at various
temperatures
The effects of calcination temperature on the structural and
physicochemical properties of as-doped TiO2 were studied by
XRD, SEM, BET, and XPS. The XRD analysis of the C-doped TiO2
that was calcined at various temperatures was performed to
determine the constituent phases and to calculate the crystallite
size. As shown in Fig. 2a, the as-prepared TiO2 that was calcined at
200 C (T1) for 6 h yielded no distinct pattern of XRD, indicating
the presence of amorphous TiO2. As the calcination temperature
was increased from 200 to 500 C (Fig. 2bed), the amorphous
phase TiO2 was transformed to anatase phase TiO2 {101} facet
(indicated by A symbol), and Rutile and brookite characteristic
peaks were not obtained until the calcination temperature was
increased to 500 C. However, rutile phase TiO2 {110} facetTable 2
Crystallite properties and BET surface area of the ﬁve as-calcined photocatalysts.
Photocatalyst Crystal structure Density [g cm
T1 e e
T2 Tetragonal 3.92
T3 Tetragonal 3.91
T4 Tetragonal 3.91
T5 Tetragonal e(indicated by R symbol) was formed at 600 C (T5), as revealed by
the appearance of peaks that were indicative of such a crystal in
Fig. 2e. This result is consistent with previous studies of Niyomwas
et al. [36], where they observed the crystalline growth of SiO2-
doped TiO2 photocatalyst as the calcination temperature was
increased from 300 to 600 C, revealed by the increase in the in-
tensities of the anatase peaks. Furthermore, T2 yielded broader
XRD peaks of anatase (Fig. 2b), than T3, T4 and T5. Park et al. [18]
and He et al. [37] observed similar trends in the XRD patterns for
C-doped TiO2, which they calcined from 80 to 500 C and from 200
to 500 C, respectively. The effects of calcination temperature on
the structures of various quadruple-elemental-doped TiO2 pho-
tocatalysts have also been examined using XRD elsewhere. For
example, Lin et al. [35] synthesized C-doped TiO2 photocatalyst,
using titanium n-butoxide as a precursor and glucose as a carbon
source, with calcination temperatures of 400, 500 and 600 C. Wu
et al. [38] calcined another C-doped TiO2 photocatalyst from 150
to 600 C. Both groups obtained XRD patterns similar to those
obtained in this study. These ﬁndings are attributable to the fact
that increasing the temperature inhibits the ability of carbon to
lower the band gap of TiO2 upon incorporation into the TiO2 lat-
tice [19,25], thus making the synthesized TiO2 less active in visible
light. Also, T1 and T5 exhibited the lowest photocatalytic activity
of the synthesized photocatalysts. This fact is consistent with their
crystalline structures, as revealed in the XRD analysis: TiO2 is still
in its amorphous phase following calcination at 200 C the while
calcination at 600 C yielded a less active form of TiO2 (rutile
phase). The XRD patterns reveal that crystallite size increased
with temperature, and this ﬁnding was conﬁrmed by the
computation of crystallite size using Scherrer's equation,
D ¼ k$l
b$cosq
(2)
where D represents the crystallite size; k is a constant equal to 0.89;
l is the wavelength of X-ray radiation; b is the full width at half
maximum height of XRD peak (FWHM), and q is the corresponding
diffraction angle. Table 2 presents the calculated crystallite sizes
The crystallite size of the as-prepared TiO2 increased from 7.3 to
16.2 nm (as the calcination temperature increased from 300 to
600 C), and these results are similar to those of Tseng et al. [27],
who reported an increase in crystallite size from 4.1 to 50.1 nm as
the calcination temperature was increased from 150 to 600 C.
However, the increase in crystallite size (from 13.1 to 16.6 nm) with
calcination temperature from 200 to 600 C is reportedly less for C-
doped TiO2 in the all-pure anatase phase [31].
Table 2 also presents the BET surface areas (SBET) of the syn-
thesized photocatalysts. Increasing the calcination temperature
from 200 to 600 C reduced the SBET of the photocatalyst from 259
to 114 m2 g1. This result is in contrast to that of He et al. [37], who
found that SBET increased from 94.4 to 121.8 m2 g1 as the calci-
nation temperature increased from 200 to 400 C. This result may
arise from the occurrence of sintering during calcination and an
increase in crystal size with calcination temperature [30].3] Crystallite size [nm] SBET [m2 g1]
e 259
7.3 132
10.1 81
13.5 18
16.2 11
Fig. 3. Scanning electron micrographs of (a) T1, (b) T2, (c) T3, (d) T4, and (e) T5.
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Fig. 4. X-ray photoelectron spectra for the (a) C1s, (b) O1s, (c) Ti2p3 core levels and (d) atomic composition percentage (%) of T2 sample.
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respectively observed in the pictures taken by SEM in Fig. 3aee. The
T2 sample underwent XPS analysis to verify the incorporation of
carbon atoms into the TiO2 lattice. Fig. 4aec, respectively, display
the C1s, O1s, and Ti2p3 core levels in the T2 sample and Fig. 4d
further shows the distribution ratios of the detected elements in a
pie chart. The XPS results indicate that the new doped TiO2 calcined
at 300 C has an atomic composition of 31.6% Ti2p3, 50.3% O1s and
18.2% C1s. The C1s spectra include a strong peak at 285 eV, a
shoulder at 288 eV, and a small peak at 282 eV. These features
correspond to three forms of carbon species in the sample. The peak
at 285 eV on the XPS spectra is associated with elemental carbon
from organic impurities in the environment that were adsorbed
onto the surface of TiO2 [31]; that at 288 eV is associated with
surface-adsorbed carbonate species resulting from carbon residues
on the surface of TiO2 [23,31], and that at 282 eV is associated with
the Ti-C bond formed by the substitution of lattice oxygen atoms by
carbon [31]. Accordingly, substitutional and interstitial carbon
atoms and carbonate species were present in the lattice of TiO2. The
O1s peak is observed at 529.8 eV [21]. The peaks at 458.9 and
464.5 eV are assigned to the two spin orbit components of Ti2p e
Ti2p3/2 and Ti 2p1/2. The difference between their energies of
approximately 5 eV indicates that the sample contains titanium in
the Tiþ4 form [21]. These XPS results are consistent with previous
studies of C-N-co-doped TiO2 that is calcined at 400 C for 4 h and
C-self-doped TiO2 calcined at 270 C for 0.5 h [20,25]. Mattle and
Thampi [29] obtained very similar results, with C1s core levels of
286.2 and 288.7 eV, O1s core levels of 458.3 eV, and Ti2p3/2 level of
529.6 eV, for C-doped TiO2 that was calcined at 400 C for 4 h, usingmelamine borate as a complexing agent and titanium tetrachloride
as a precursor for TiO2.
4. Conclusions
In this work, C-doped TiO2 was synthesized using titanium
butoxide, ethanol and deionized water in a simple solegel
method and was found effective to degrade ACT under visible
light. This work also veriﬁes that the calcination temperature of
the C-doped TiO2 affects its photocatalytic activity. The results
revealed that the photocatalytic activity increased with calci-
nation temperature from 200 to 300 C and then decreased as
the calcination temperature was further increased from 300 to
600 C. Calcination temperature also affected the crystalline
phase and size of the synthesized TiO2. Amorphous TiO2 was
formed at 200 C; the anatase phase was formed at 300 C and
above, and the rutile phase was formed at 600 C. Lower
calcination temperatures produced smaller crystals. The C-
doped TiO2 that was calcined at 300 C exhibited the highest
photocatalytic activity for the degradation of ACT, with an
apparent rate constant of 5.0  103 min1 with ACT removal
efﬁciency of 94%.
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